The mechanisms involved in the p53-dependent control of gene expression following DNA damage have not been completely elucidated. Here, we show that the p53 C terminus associates with factors that are required for the ultraviolet (UV)-induced inhibition of the mRNA 3 0 cleavage step of the polyadenylation reaction, such as the tumor suppressor BARD1 and the 3 0 processing factor cleavage-stimulation factor 1 (CstF1). We found that p53 can coexist in complexes with CstF and BARD1 in extracts of UV-treated cells, suggesting a role for p53 in mRNA 3 0 cleavage following DNA damage. Consistent with this, we found that p53 inhibits 3 0 cleavage in vitro and that there is a reverse correlation between the levels of p53 expression and the levels of mRNA 3 0 cleavage under different cellular conditions. Supporting these results, a tumor-associated mutation in p53 not only decreases the interaction with BARD1 and CstF, but also decreases the UV-induced inhibition of 3 0 processing, all of which is restored by wild-type-p53 expression. We also found that p53 expression levels affect the polyadenylation levels of housekeeping genes, but not of p21 and c-fos genes, which are involved in the DNA damage response (DDR). Here, we identify a novel 3 0 RNA processing inhibitory function of p53, adding a new level of complexity to the DDR by linking RNA processing to the p53 network.
Introduction
The p53 gene is the most commonly mutated target in human tumors. Activation of p53 affects the expression level of a large set of genes and mediates several cellular responses such as DNA repair, cell cycle arrest and/or apoptosis (Vogelstein et al., 2000; Levine et al., 2006) . Although it is well established that p53 is a transcriptional regulator, transactivation-independent functions of p53 have been described (reviewed by He et al., 2007; Takwi and Li, 2009 ). For example, certain microRNAs are transactivated by p53, and these microRNAs cause dramatic changes in gene expression, offering an indirect p53-mediated control of gene expression at the posttranscriptional level (Chang et al., 2007) . It has been described that the induction of p53 expression upon ultraviolet (UV) treatment is associated with changes in the levels of total poly(A) þ mRNA McKay and Ljungman, 1999) . Interestingly, this p53-associated changes in poly (A) þ RNA levels might also be functionally related to the UV-induced inhibition of mRNA polyadenylation (Kleiman and Manley, 2001 ). As mRNA poly(A) tails are important for the regulation of mRNA stability, it is possible that these changes of poly (A) þ mRNA levels might represent another mechanism of p53-mediated control of gene expression.
The 3 0 end of the mRNA is processed by the cleavage of the mRNA followed by the addition of a nontemplated polyadenylated tail, which in mammalian cells is of approximately 200-300 adenosines. The assembly of the cleavage/polyadenylation machinery requires specific signal sequences in the mRNA precursor as well as interactions of a large number of protein factors (reviewed by Mandel et al., 2008) . It has been shown that the regulation of mRNA 3 0 end formation can have significant roles in cancer (Kleiman and Manley, 2001; Topalian et al., 2001; Scorilas, 2002; Rozenblatt-Rosen et al., 2009) . Most importantly, alternative mRNA cleavage and polyadenylation changes the length of the 3 0 -untranslated region and regulates gene expression of different mRNAs in cancer cells (Mayr and Bartel 2009; Singh et al., 2009 ) and during cell differentiation (Sandberg et al., 2008; Zlotorynski and Agami, 2008; Ji et al., 2009) . Cleavagestimulation factor (CstF) is one of the essential 3 0 processing factors and is most likely active as a dimer of an heterotrimer, consisting of three protein factors called CstF3, CstF2 and CstF1. CstF2 interacts directly with the mRNA, and cells deficient in CstF2 undergo cell cycle arrest and apoptotic death (Takagaki and Manley, 1998) . Both the CstF1 and CstF3 subunits interact specifically with the C-terminal domain of RNA polymerase II, likely facilitating the RNA polymerase II-mediated activation of 3 0 end processing (McCracken et al., 1997; Hirose and Manley, 1998) . After DNA damage, mRNA 3 0 processing is inhibited as a result of CstF/BARD1/BRCA1 complex formation (Kleiman and Manley, 1999) and of the proteasome-mediated degradation of RNA polymerase II (Kleiman et al., 2005) , suggesting the existence of possibly redundant mechanisms to explain the inhibitory effect of UV irradiation. Herein, we examine the functional interaction of p53 with BARD1 and CstF1 and its effect on mRNA 3 0 processing as well as on the polyadenylation of cellular RNAs. Our results provide new insights into p53 function and into the mechanisms behind the regulation of mRNA 3 0 processing in different cellular conditions.
Results
It has been shown that p53 interacts with BARD1 independently of BRCA1 to induce an apoptotic response to genotoxic stress (Feki et al., 2005) . A germline mutation in BARD1 (Gln564His) reduces the binding to p53 and induction of apoptosis (IrmingerFinger et al., 2001) . BARD1 can also interact with the 3 0 processing factor CstF1, inhibiting mRNA 3 0 processing and linking it to the DNA damage response (DDR) (Kleiman and Manley, 1999) . Interestingly, the Gln564His mutation of BARD1 also reduces the binding of CstF1 to BARD1, interfering with the role of BARD1 in mRNA 3 0 processing (Kleiman and Manley, 2001 ). Taken together, these studies suggest a functional interaction between BARD1, CstF1 and p53 under DNA-damaging conditions. To further investigate this possibility, we first examined the physical association of p53 with BARD1 and CstF1 using the recombinant proteins shown in Figure 1a . The results showed that both full-length His-p53 and the C-terminal fragment of p53 interacted directly in vitro with not only GST-BARD1 (Figure 1b (b) Requirement of p53 C-terminal domain for both CstF1 and BARD1 interaction. Recombinant His-p53 or the indicated His-p53 derivatives were incubated with purified GST, GST-CstF1 or GST-BARD1. Protein samples were treated with RNase A. Bound proteins were eluted and analyzed by western blot with anti-p53 antibodies. Five percent of His-p53 or His-p53 derivatives used in the reaction are shown as input. (c) CstF1, BARD1 and p53 can coexist in complexes. Either GST-BARD1 or GST-CstF1 was immobilized in glutathione-Sepharose beads to test its ability to bind CstF1/BARD1 and p53 from NE of HeLa cells, while increasing concentrations of recombinant His-p53 (5, 10 and 20 ng) were added. Bound proteins were detected by immunoblotting with CstF1 and p53 antibodies. The pellets (PD) and the supernatant (SN) were analyzed. (d) p53, CstF and BARD1 co-immunoprecipitate from NEs of MCF7 cells treated with UV irradiation. CstF and p53 co-immunoprecipitation is irrespective of UV irradiation. Co-immunoprecipitation assays were performed using NEs of cells exposed or not to UV irradiation and allowed to recover for 2 h as described before. NEs were immunoprecipitated with either anti-CstF2, to ensure that any detected interactions were between p53 and intact CstF, or anti-p53 antibodies. Protein samples were treated with RNase A. Equivalent amounts of the pellets (IP) and the supernatants (SN) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and proteins were detected by immunoblotting with antibodies against BARD1, CstF2 and p53. Antibodies against Topo II were used as a control of specificity. Positions of Topo II, CstF2 and p53 are indicated. Twenty percent of the NE used in the immunoprecipitation reaction is shown as input.
Role of p53 in mRNA 3 0 processing FI Nazeer et al derivatives that lacked the C-terminal domain of p53 or to GST alone (lane 9). Taken together, these results indicate that the C-terminal domain of p53, which has been described to have regulatory functions in the DDR (Sauer et al., 2008) , constitutes the CstF1 and BARD1 interaction domain.
To test whether p53 might also be part of the previously described CstF1/BARD1 complex, competition assays were performed by incubating GST-BARD1 or GSTCstF1 immobilized on glutathione beads with nuclear extracts (NE) of non-UV-treated HeLa cells and increasing amounts of His-p53 (Figure 1c ). The effect of exogenously added recombinant p53 on the complex formation was easily assessed in this assay because HeLa cells, which are HPV-E6 transformed, have low levels of p53 expression (Wei, 2005) . As shown in Figure 1c , increasing amounts of His-p53 increased both the amount of CstF1 'pulled down' by GST-BARD1 (upper panel, lanes 1-8) and the amount of BARD1 'pulled down' by GST-CstF1 (lower panel, lanes 1-8), indicating that p53 stabilized the CstF1/BARD1 complex.
To examine the status of these p53/BARD1/CstFassociated complexes in NEs, we analyzed extracts from different cell lines by co-immunoprecipitation assays. As earlier studies had shown a link between these proteins and the UV-induced DDR, we extended these studies to DNA-damaging conditions. We used cells expressing different levels of p53, such as MCF7 cells (normal levels) and HeLa cells (low levels). HeLa cells were included in this study because most of the functional properties of the 3 0 processing machinery have been described in this biological system (Takagaki et al., 1989; Hirose and Manley, 1998; Manley, 1999, 2001) . As described before, p53 accumulation was detected in samples from MCF7 cells exposed to UV treatment ( Figure 1d , compare lanes 1 and 2). Interestingly, antibodies against CstF2 co-precipitated a significant amount of p53 independently of UV treatment (Figure 1d, upper panel, lanes 3 and 5) . Similar results were obtained in the reciprocal co-immunoprecipitation analysis with p53 antibodies (lower panel). Interestingly, a significant amount of BARD1 co-precipitated with both CstF and p53 only in UV-treated samples (upper and lower panel, lane 5). The increased amount of p53 in the extracts of UV-treated cells solely cannot explain the increased association of these three proteins. Although similar amounts of p53 and CstF are immunoprecipitated by their own antibodies in samples exposed or not to UV, a complex formation with BARD1 is only detected in UV-treated cells. Similar results were obtained in the co-immunoprecipitation with BARD1 antibodies and with HeLa cells (not shown). Although these results do not show how many complexes p53 can form with CstF and BARD1, they clearly show that UV treatment induced the interaction between those three factors, supporting the idea that p53 and CstF might be simultaneous binding partners of BARD1. These studies also showed that the co-precipitation of p53 with CstF was irrespective of DNA damage, indicating that the formation of the CstF/p53 complex might be independent of BARD1.
To test whether p53 has a role in mRNA 3 0 processing through its interaction with CstF and BARD1, we performed in vitro RNA cleavage assays with limiting amount of NE of HeLa cells and addition of increasing amounts of different His-tagged p53 derivatives. As mentioned before, HeLa cells provided a good system to study exogenously added p53 as these cells have very low levels of p53 and most of the functional studies on 3 0 processing have been carried out in these cells. Interestingly, only increasing concentrations of either full-length His-p53 ( Figure 2a, lanes 2-4) or the C-terminal fragment of p53 (lanes 14-16) into the reaction mix significantly reduced the 3 0 cleavage of the radiolabeled adenoviral L3 pre-mRNA. However, neither the two derivatives that lacked the C-terminal region of p53 (lanes 8-13) nor GST alone (lanes 5-7) had an effect on the cleavage reaction. These results indicate that the same region of p53 required for binding CstF1 and BARD1 (Figure 1b ) is necessary for inhibiting mRNA 3 0 cleavage. Besides, our results indicate that the addition of recombinant His-p53 wild-type (WT) to NE of nontreated HeLa cells in a cell-free assay is sufficient to induce inhibition of mRNA 3 0 end processing, suggesting that the p53-mediated inhibition of 3 0 processing is independent of transactivational functions of p53.
To further characterize the role of p53 in mRNA 3 0 processing, we performed siRNA-mediated knockdown of p53 in cells expressing different levels of p53 (HeLa and MCF7 cells) and then analyzed the UV-induced inhibition of 3 0 cleavage. Figure 2d shows that a 48 h siRNA treatment resulted in a substantial depletion of p53 (E90%) in NEs of both cell lines (lanes 5 and 6 and 11 and 12), independently of the UV treatment. Importantly, the expression levels of p53 in all the MCF7 samples were much higher than that in the HeLa samples analyzed. Consistent with previous results (Noda et al., 2000) , UV treatment significantly increased accumulation of p53 and this was not affected by control siRNAs (Figure 2d ). The depletion of p53 in HeLa cells abolished the UV-induced inhibition of mRNA 3 0 end cleavage ( Figure 2b , compare lanes 4 and 6), indicating that p53 has an inhibitory effect on mRNA 3 0 cleavage under DNA-damaging conditions. Consistent with previous results from our lab, NEs from control siRNA-treated cells showed the UV-induced inhibition of 3 0 processing. As similar results were observed with the siRNA-mediated knockdown of BARD1 in HeLa cells (Kleiman et al., 2005) , we propose that p53 together with the CstF/BARD1 complex might play a role in the UV-induced inhibition of 3 0 processing. Strikingly, NEs from cells expressing normal levels of p53 showed no significant levels of 3 0 cleavage using this assay ( Figure 2c , lanes 1-4). The lack of detectable levels of 3 0 processing in NEs of MCF7 cells was irrespective of control siRNA (lanes 3 and 4) and UV treatments (lanes 2 and 4). These results are consistent with the possibility that high levels of p53 inhibit 3 0 mRNA processing. Supporting this idea, siRNA-mediated knockdown of p53 in MCF7 cells resulted in extracts exhibiting significant levels of 3 Figure 2b to lanes 5 and 6 in Figure 2c ). These results indicate that p53 has an inhibitory effect on mRNA 3 0 cleavage and that this effect is dependent on the cellular levels of p53.
We extended these studies to the colon carcinoma RKO cells that express normal levels of p53 ( Figure 3c , lanes 1-6) and the isogenic cell line RKO-E6 that expresses low levels because it contains a stably integrated papilloma virus (Kessis et al., 1993; Figure 3c (Figure 2a ), the addition of increasing amounts of full-length His-p53 to limiting amounts of NE from RKO-E6 ( Figure 3b , lanes 2-4) and H-1299 cells (lanes 6-8) significantly reduced the 3 0 cleavage of the radiolabeled adenoviral L3 premRNA. Taken together, these results indicate that this p53 function in RNA 3 0 processing is not a cell typespecific effect and that p53 can inhibit the 3 0 cleavage step of the polyadenylation reaction in an expression level-dependent manner.
To further determine the role of p53 in mRNA 3 0 processing, we took advantage of the isogenic colon cancer cell lines, DLD-1 and D-A2. DLD-1 cells carry the tumor-associated S241F mutation in p53 and lack the expression of WT-p53, which results in a defective p53 pathway (Yu et al., 1999) . A two-step procedure was used to establish a modified tetracycline-off system for controlled WT-p53 expression in D-A2 cells, leaving the expression of WT-p53 under the regulation of doxycycline (Dox; Yu et al., 1999) . To investigate the possible effects of this mutation on 3 0 processing, first we examined the effect of the S241F mutation on the p53, BARD1 and CstF interaction by analyzing NEs from DLD-1 and D-A2 cells by co-immunoprecipitation. As shown in Figure 4a , UV treatment induced the accumulation of the mutant p53 in samples of DLD-1 cells (compare lanes 1 and 2). Interestingly, antibodies against p53 did not co-immunoprecipitate either CstF or BARD1 from NEs of DLD-1 cells irrespective of UV treatment (Figure 4a, top panel, lanes 3-6) . However, the reciprocal co-immunoprecipitation analysis with CstF2 antibodies showed binding to BARD1, but not to p53 in samples from UV-treated DLD-1 cells (Figure 4a , bottom panel, lanes 3-6), indicating that BARD1 can form a complex with CstF independently of p53. Similar results were observed using NEs from D-A2 cells with no induction of WT-p53 expression (not shown) and with samples from H-1299 cells (not shown). Importantly, the co-immunoprecipitation of p53, CstF and BARD1 with both p53 and CstF2 antibodies was rescued in NEs from D-A2 cells following the induction of WT-p53 (Figure 4b, lanes  3-6) . The association of the three proteins in extracts from non-treated and UV-treated cells likely reflects the high levels of p53 expression in D-A2 cells growing in induction medium without Dox (Figure 4b , compare lanes 1 and 2). Altogether, these results indicate that the Ser241 and/or some structural feature around this residue are important for the interaction of p53 with BARD1 and CstF. Consistent with this, the S241F mutation in p53 prevented the formation of the p53/ BARD1/CstF complex in extracts from DLD-1 cells. However, the S241F mutation in p53 did not affect the CstF/BARD1 interaction, indicating that BARD1 can bind to CstF independently of p53 and that p53 might have a role stabilizing the complex.
Next, we determined whether the S241F mutation influences the inhibitory effect of p53 on 3 0 end processing using NEs of DLD-1 and D-A2 cells upon Role of p53 in mRNA 3 0 processing FI Nazeer et al DNA-damaging conditions. Samples from DLD-1 cells showed high levels of 3 0 processing that are similar to those observed in HeLa, RKO-E6 and H-1299 cells, and those levels are slightly decreased by UV treatment (Figure 4c, left panel) , suggesting that the S241F mutation reduces p53 inhibitory functions on 3 0 cleavage. As the UV-induced inhibition of mRNA 3 0 processing is not completely abolished by the S241F mutation in p53, it is possible that other mechanism(s) might be involved in regulating 3 0 processing in this response. Supporting this idea, the formation of the CstF1/BARD1 complex after UV treatment is not abolished in samples from DLD-1 cells (Figure 4a) , indicating that the mRNA 3 0 processing inhibitor BARD1 (Kleiman and Manley, 1999) can bind CstF independently of p53 and that p53 might have a role stabilizing the complex. These results indicate that the decrease in the CstF/BARD1/p53 complex formation in DLD-1 cells (Figure 4a ) is associated with a decrease in p53-induced inhibition of 3 0 processing (Figure 4c , left panel), suggesting that serine 241 and/or some structural feature around this residue is important for the CstF/ BARD1/p53 complex formation and, consequently, for the function of p53 as an inhibitor of mRNA 3 0 cleavage.
To further confirm the involvement of p53 in this response, we used extracts from D-A2 cells either grown with or without Dox in mRNA 3 0 cleavage assays. Like the samples from DLD-1 cells, D-A2 cells depleted of WT-p53 (plus Dox) showed high levels of 3 0 processing independently of UV treatment (Figure 4c , right panel, lanes 1 and 2). Strikingly, the induced expression of WTp53 by the removal of Dox was sufficient to inhibit 3 0 cleavage in NEs from D-A2 cells (lanes 3 and 4). As p53 expression in D-A2 is induced by the removal of Dox and not by UV treatment, the 3 0 cleavage inhibition observed in those cells was irrespective of UV treatment. These results again show a reverse correlation between the levels of pre-mRNA 3 0 processing and the levels of p53 expression.
To characterize the effect of the S241F mutation of p53 on 3 0 cleavage, we constructed a His-p53 recombinant protein containing the mutation (His-p53 S241F). The S241F mutation significantly reduced binding to GST-BARD1 and GST-CstF1 (not shown), indicating that this p53 residue is important for optimal interaction Role of p53 in mRNA 3 0 processing FI Nazeer et al with BARD1 and CstF1. Then, we monitored 3 0 cleavage of the adenoviral L3 pre-mRNA in NEs from untreated HeLa cells either with no addition or with increasing amounts of His-p53 S241F. As observed in Figure 2a , addition of increasing amounts of purified WT-His-p53 to reaction mixtures effectively inhibited 3 0 cleavage, almost completely at the highest concentrations (Figure 4d, lanes 2-4) . Importantly, the His-p53 S241F derivative was without detectable effect on 3 0 processing at all concentrations tested (lanes 5-7) . Thus, our results indicate that p53 serine 241 is important for the binding of BARD1 and CstF and, consequently, for the function of p53 as an inhibitor of mRNA 3 0 cleavage.
The data presented above provide evidence that p53 inhibits mRNA 3 0 processing through its interaction with the CstF/BARD1 complex. To get an insight into the molecular mechanisms of this p53 transactivationindependent function, we tested for enrichment of different mRNAs in the poly(A) þ RNA population before and after UV treatment in MCF7 cells treated with p53 siRNA (Figure 5a ) and in the isogenic cell lines DLD-1 and D-A2 (Figure 5b ). This approach allowed us to analyze the effect of p53 on mRNA 3 0 processing (poly(A) þ RNA population) over the effect of p53 on transcription and stability (total RNA fraction). We analyzed housekeeping genes, such as b-actin and GAPDH, as well as genes involved in the DDR, such as the p53-regulated gene p21 and the oncogene c-fos. Quantification of quantitative reverse transcription (qRT) -PCR results shows that the studied mRNAs did not show a significant change in the enrichment in the poly(A) þ preparation over the total RNA fraction after UV treatment of samples from control siRNAtreated MCF7 cells (Figure 5a ) and D-A2 cells minus Dox (Figure 5b ). Samples from those cells showed high levels of WT-p53 expression (Figures 2d and 4b) and very low levels of mRNA 3 0 cleavage (Figures 2c and 4c , right panel). Interestingly, our results showed that GAPDH and b-actin mRNAs were enriched B5-fold in the poly(A) þ preparation over the total RNA fraction in non-UV-treated samples from p53-depleted MCF7 cells and DLD-1 cells. Importantly, samples from these cells not treated with UV showed detectable levels of mRNA 3 0 cleavage (Figures 2c and 4c, left panel) . After UV treatment, samples from p53-depleted MCF7 cells showed not only a strong decrease in the poly(A) þ /total RNA ratio to the levels observed for control siRNA (Figure 5a ), but also very low levels of 3 0 cleavage (Figure 2c, lane 6) . Samples from DLD-1 cells treated with UV showed a slight decrease not only in the poly(A) þ /total RNA ratio (Figure 5b ), but also in the levels of 3 0 cleavage (Figure 4c , left panel). As the DLD-1 cell line does not express WT-p53, our results suggest that other mechanism(s) might also be involved in regulating the poly(A) þ /total RNA ratio of the housekeeping genes and the levels of 3 0 processing in this response. Taken together, these results are consistent with our earlier studies (Mirkin et al., 2008) and others previous observations (Akeo et al., 2007; Maccoux et al., 2007) that showed that GAPDH RNA expression can change significantly in different biological systems and under different conditions. Consistent with previous observations (Kleiman et al., 2005; Mirkin et al., 2008; Fox et al., 2009) , our results did not show a change in the protein expression of those genes (not shown). Given the complexity of the protein expression pathway and the limitations of the techniques used in the Figure 5 p53 expression induces the enrichment in the poly(A) þ preparation over the total RNA fraction for b-actin and GAPDH mRNAs, but not for p21 and c-fos mRNAs. Real-time PCR analysis of b-actin, GAPDH, p21 and c-fos mRNAs polyadenylation. Total and poly(A) þ RNA were prepared after UV treatment from (a) MCF7 cells treated with control/p53 siRNA or (b) DLD-1 (p53 S241F/À)/D-A2 (p53 S241F/ þ ) cells following the removal of Dox. RNA purification and RT-PCR reactions were performed as described in Materials and methods. Equal volumes of both total and poly(A) þ RNA samples were used as a template in the RT reactions. Equal amounts of cDNAs were used in qRT-PCR reactions with primers specific for GAPDH, b-actin, c-fos and p21 mRNAs. Relative quantification was achieved using standard curves of known amounts of total cDNA. The results shown are the average of four PCRs from two different RNA extractions.
Role of p53 in mRNA 3 0 processing FI Nazeer et al measurements of mRNA and protein levels (Fu et al., 2007; Gry et al., 2009) , the observed lack of correlation between mRNA and corresponding protein expression levels is not unusual. These results show a correlation between the expression of WT-p53 and a decrease in the levels of not only mRNA 3 0 cleavage (Figures 2 and 4 ), but also of the poly(A) þ /total RNA ratio of the housekeeping genes analyzed in this study. A change in the poly(A) þ /total RNA ratio could reflect a change either in the levels of polyadenylated mRNAs or in the levels of deadenylated mRNAs, whose poly(A) tails have been removed during mRNA turnover, in the total mRNA fraction. Supporting this idea, we have recently shown that the DDR involves not only the inhibition of 3 0 cleavage, but also the activation of deadenylation, which results in a decrease of mRNA stability (Cevher et al., 2010) . Although further studies are necessary to determine the functional relevance of p53 in the regulation of deadenylation, our data indicate that p53 is an inhibitor of the 3 0 cleavage reaction of polyadenylation.
Interestingly, neither the depletion of p53 expression nor the expression of mutant p53 had an effect on either p21 or c-fos poly(A) þ mRNA enrichment independently of the UV treatment (Figures 5a and b) , suggesting that the steady-state levels of those mRNAs are not regulated by 3 0 processing in a p53-dependent manner. Consistent with previous observations (Fong et al., 2010) , our results showed the UV-induced increase in the protein expression of c-fos and p21 (not shown). These results indicate that the expression levels of WTp53 has important roles in the regulation of the levels of different endogenous mRNAs not only by its transactivation functions, but also by transactivation-independent functions decreasing the levels of polyadenylated mRNAs by inhibition of mRNA 3 0 cleavage. As we proposed before, it is possible that the association of p53, BARD1 and CstF in different cellular conditions could play a role in regulating mRNA 3 0 processing and, therefore, mRNA levels of different genes.
Discussion
To our knowledge, this is the first study showing a 3 0 RNA processing inhibitory function of p53, adding a new level of complexity to the DDR by linking RNA processing to the p53 network. Several lines of evidence support the hypothesis that p53 is an inhibitor of mRNA 3 0 processing. First, the direct interaction of the C-terminal domain of p53 with CstF1 and BARD1, both of which are involved in the UV-induced inhibition of mRNA 3 0 processing, and the existence of protein complexes of these factors in extracts of different cell lines (Figure 1) . Second, p53 can inhibit the 3 0 cleavage reaction in vitro and p53 expression levels inversely correlate with levels of mRNA 3 0 cleavage (Figures 2  and 3) . Third, the tumor-associated S241F mutation in p53 reduces binding to BARD1 and CstF and disrupts the CstF/BARD1/p53 complex association, and this complex formation is restored by the induced expression of WT-p53 (Figure 4) . Furthermore, cells expressing this mutant p53 show reduced inhibition of mRNA 3 0 cleavage, which is restored by the induced expression of WT-p53. Fourth, we determined that the expression of WT-p53 has different effects on the polyadenylation state of the housekeeping genes analyzed in this study ( Figure 5 ). Taken together, our results suggest a novel function of p53 as an inhibitor of the mRNA 3 0 processing machinery.
We have proposed in previous studies that there is a general effect of DNA-damaging conditions on mRNA levels, and that the UV-induced inhibition of 3 0 end processing plays an important role in decreasing the total cellular mRNA levels as part of this response (Cevher and Kleiman, 2010) . Consistent with this, the levels of poly(A) þ mRNA of genes not involved in DDR decrease after DNA damage Dheda et al., 2004; Akeo et al., 2007; Maccoux et al., 2007; Mirkin et al., 2008) . It has been shown that full recovery of total mRNA levels within 6 h after the DNA-damaging exposure correlates with cellular protection against apoptosis in a p53-dependent manner (McKay et al., 2001) . On the other hand, there is also a gene-specific effect of DNA-damaging conditions on the levels of poly(A) þ mRNAs of genes involved in the DDR, those genes are either down-or upregulated at different time points after DNA damage (reviewed by Cevher and Kleiman, 2010) . In this work, we have discovered that under DNA-damaging conditions, p53 in association with the 3 0 processing factor CstF and the tumor suppressor BARD1 can control mRNA 3 0 processing of housekeeping genes, but not of p21 and cfos genes, which are involved in DDR. On the basis of our studies, we propose that p53, a protein with compromised expression in most cancers, plays a role in the general response to DNA damage by stabilizing the CstF/BARD1 complex and inhibiting 3 0 processing of aborted nascent RNA products, allowing the elimination of prematurely terminated transcripts to avoid the expression of deleterious proteins and facilitating DNA repair by clearing the area around the lesion. Defective polyadenylation of prematurely terminated transcripts is known to activate a nuclear surveillance pathway, allowing the elimination of those mRNAs by exosomemediated degradation (reviewed by Cevher and Kleiman, 2010) . As DNA repair proceeds, the levels of p53 expression decrease allowing the recovery of total mRNA levels. Our results indicate that different cell lines exhibit different 3 0 processing profiles depending on p53 expression levels, consistent with the idea proposed by Singh et al. (2009) that the interaction of the 3 0 processing machinery and factors involved in the DDR/ tumor suppression might result in cell-specific 3 0 processing profiles.
Supporting the idea that the 3 0 processing machinery is interconnected with the p53 pathway, it has been shown that Rbbp6, a p53-binding protein, and Ku-70 subunit of DNA-PK, which is involved in the BARD1-mediated phosphorylation of p53 Ser15 upon DNA damage (Fabbro et al., 2004) , are part of the pre-mRNA 3 0 processing complex ). Other tumor
Role of p53 in mRNA 3 0 processing FI Nazeer et al suppressors, such as CSR1 and Cdc73, have also been shown to functionally associate with 3 0 processing factors, such as CPSF3 (Zhu et al., 2009) and CPSF/ CstF (Rozenblatt-Rosen et al., 2009) . Recently, it has been shown that the use of alternative mRNA 3 0 cleavage and polyadenylation sites can control the expression of certain genes by eliminating or including several cis-acting elements, such as microRNA target sites and AU-rich elements, in cancer cells and during development (Sandberg et al., 2008; Zlotorynski and Agami, 2008; Ji et al., 2009; Mayr and Bartel, 2009; Singh et al., 2009) . Although more work is necessary to determine the functional relevance of the CstF/BARD1/ p53 interaction in the regulation of expression of specific genes involved in DDR, it is possible that the p53-mediated inhibition of mRNA 3 0 processing might also play a role in the selection of different alternative mRNA 3 0 cleavage sites and, consequently, in the regulation of the mRNA levels of genes involved in DDR. Considering that the p53 pathway is tightly controlled in cells following DNA damage (reviewed by Vousden, 2006) , the p53-associated control of mRNA 3 0 processing could be an effective mechanism employed to control gene expression in cells upon DNA-damaging conditions.
Taken together, our studies identify a novel 3 0 RNA processing inhibitory function of p53 and suggest that the CstF/BARD1/p53 interaction contributes to UV-induced inhibition of pre-mRNA 3 0 processing, providing evidence of another link between mRNA 3 0 processing and tumor suppression.
Materials and methods
Tissue culture methods and DNA-damaging agents HeLa, MCF7 RKO and RKO-E6 cells were cultured in Dulbecco's modified Eagle's medium-10% fetal bovine serum. NCI-H1299 cells were cultured in RPMI 1640 media supplemented with 10% fetal bovine serum. The isogenic colon cancer cell lines DLD-1 and D-A2 were generously provided by Dr Vogelstein (Johns Hopkins School of Medicine, Baltimore, MD, USA; Yu et al., 1999) . DLD-1 cells were grown in McCoy's 5A media containing 10% fetal bovine serum (v/v) and 2500 U of pen-strep. D-A2 cells required an additional 0.4 mg/ml G418, 20 ng/ml Dox and 0.25 mg/ml hygromycin B. D-A2 cells were grown in the presence or absence of Dox as indicated. Ninety percent confluent cultures were exposed to UV and harvested after 2 h. UV doses (20 J/m 2 ) were delivered in two pulses using a Stratalinker (Stratagene, La Jolla, CA, USA). Before pulsing, medium was removed and replaced immediately after treatment.
Nuclear extracts preparation and immunoblotting analysis After UV treatment, NEs were prepared from harvested cells as described (Kleiman and Manley, 2001) . Sixty micrograms of each NE was analyzed by immunoblotting with antibodies against BARD1 (H-300, Santa Cruz Biotechnology, Santa Cruz, CA, USA), p53 (SC-126, Santa Cruz), CstF2 (generously provided by Dr Manley, Columbia University, New York, NY, USA), CstF1 (10064-2-AP, Protein Tech Group, Chicago, IL, USA) and Topoisomerase II (Topo II, SC-25330, Santa Cruz).
siRNA knockdown of p53 expression in HeLa and MCF7 cells The siRNA specific for human p53 was synthesized by Qiagen (Valencia, CA, USA) and the control RNA duplex used as non-silencing siRNA was obtained from Dharmacon RNA Technologies (Lafayette, CO, USA). HeLa, RKO and MCF7 cells were grown in a 10-cm plate in complete Dulbecco's modified Eagle's medium. At 60-70% confluence, the cells were transfected with p53 siRNA or control siRNA and Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. After culturing the cells for an additional 24 h, the transfection procedure was repeated, and the cells were harvested for analysis 48 h after the initial transfection. A fraction of the cells was exposed to UV and harvested after 2 h. NEs were prepared and analyzed by western blot and used in 3 0 cleavage reactions.
Immunoprecipitation analysis
One hundred microgram of total protein from each NE was immunoprecipitated with the anti-CstF2 (generously provided by Dr Manley, Columbia University), CstF1 (10064-2-AP, Protein Tech Group) or p53 (SC-126, Santa Cruz) monoclonal antibodies bound to protein A-Sepharose beads. The beads were recovered by centrifugation and treated at 4 1C with 50 mg of RNase A/ml for 10 min. Immunoprecipitations were carried out as described (Kleiman and Manley, 2001) , except that washing was with buffer A (1 Â phosphate-buffered saline: 137 mM NaCl, 3 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 0.01% Nonidet P-40, 0.5 mM phenylmethylsulfonyl fluoride and 0.04% bovine serum albumin). Aliquots of pellets and supernatants were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and immunoblotting as described above.
Recombinant proteins
GST-BARD1 and GST-CstF1 plasmids were constructed as described (Kleiman and Manley, 2001 ). The plasmid encoding His-p53 was generously provided by Dr Prives (Columbia University). His-p53 derivatives were obtained by PCR amplification with primers containing BamHI and NdeI restriction sites followed by inserting the PCR fragment into pET14b vector (Novagen, Gibbstown, NJ, USA). The Ser241Phe mutation on p53 was introduced by site-directed mutagenesis using Quickchange kit (Stratagene) according to the manufacturer's protocol. Plasmids encoding BARD1, CstF1, p53 and p53 derivatives were expressed in Escherichia coli, and purified by binding to and elution from either glutathione-agarose or Ni-agarose columns as described (Kleiman and Manley, 2001 ).
Protein-protein interaction assays
The GST fusion protein interaction assays with His-p53 and His-p53 derivatives were performed as described (Kleiman and Manley, 2001) . Alternatively, 30 ml of HeLa, RKO-E6 and NCI-H1299 cell NEs were incubated with 1 mg of the indicated GST fusion proteins and increasing amounts of His-p53; the binding and washing conditions were as before. Protein samples were treated at 4 1C with 50 mg of RNase A/ml for 10 min. Equivalent amounts of pellets and supernatants were analyzed by immunoblotting.
3 0 Cleavage assays 32 P-labeled L3 pre-mRNA substrates were prepared as described (Kleiman and Manley, 1999) . Protein concentrations of the extracts were equalized by Bradford assays (BioRad, Hercules, CA, USA) before use in processing reactions.
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